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Abstract

Caves and closed depressions developed in carbonate
rocks are defining features of karst terranes. With the
increasing recognition that significant caves can develop
in quartz (siliciclastic) sandstones, it is natural that we
should start to examine their surficial counterparts, sinkholes. A review of the literature shows rather limited
attention given to these features. In the glaciated region
of northeast Ohio (USA) the first author and colleagues
have examined numerous sinkholes in sandstones, with
a variety of morphologies. The most commonly found
type is cover subsidence sinkholes, where thin overlying
regolith (usually till) has sagged into escarpment-parallel widened fractures. The most significant of these is an
entrance to Little Mountain Caverns, 8 m deep, where a
volume of rock circa 67 cubic meters has been removed
along fractures, while the surrounding rock remains intact. Mechanical as well as chemical processes are in
effect here. In the Precambrian Hinckley Sandstone of
Minnesota (USA) hundreds of small sinkholes are found
and are linked with rapid groundwater flow. Several
large collapses, apparently related to underlying carbonate dissolution, and found in the desert environment of
Arizona (USA). In high rainfall tropical situations, such
as the Cerro Sarisariñama tepui of Venezuela, large collapse sinkholes (up to 300 m depth) are found. These
are developed in a quartzite. Swallet cave entrances are
found in other locations, such as the Aonda Cave system
on Auyán tepui. There, researchers have noted that the
greatest shafts are found at the margins of the plateau, a
situation that is attributed to stress relief fracturing. The
occurrence of sinkholes in quartz rocks is not limited to
tropical environments, though. All of these cases emphasize that “karst-like” processes may, and do, operate
in rocks that we normally consider to be poorly soluble.
As a consequence, rapid groundwater movement and its
environmental ramifications, as well as the potential for
collapses, must be considered in a variety of environments. Great landscape age, high water volumes, and

high hydraulic gradients all seem to possibly contribute
to the formation of these features.

Introduction

Events such as the ongoing Sinkhole Conference series
(e.g. Sasowsky et al., 2018; Doctor, et al., 2015; and
14 others including this volume), the publication of a
major book (Waltham et al., 2005), and even the development of lengthy documentaries (PBS, 2015) demonstrate an enduring interest, and evolving understanding,
of the topic of sinkholes. Praised for their beauty and
cursed for the challenges they may bring with human interaction; they have long been a part of living
in carbonate bedrock areas. As urban growth and land
development spread out in to previously low-inhabited
zones, the need for understanding these features and the
processes that form them increases.
Concurrent with this, and indeed with a generally expanding recognition of the importance of karst terranes,
researchers have been recognizing karst, or “karst-like”
features in many non-carbonate lithologies. Traditionally, features such as caves and the like in such settings
have been referred to as pseudokarst. But, there has
been debate on the appropriateness of this designation, because it appears that dissolution processes may
indeed be responsible for the observed forms in some
cases.
In the present paper, a brief review of karstification and
sinkholes developed in sandstones is accompanied by
descriptions of several type-cases. For this purpose,
only sandstones that are primarily non-carbonate (i.e.
siliciclastic) mineralogy are considered. This excludes
for example traditional karst developed on calcarenites
in the Bahamas (e.g. Mylroie et al., 1995) or carbonate
cemented quartz sandstones such as the calc-eolianite
Loyalhanna Limestone of Pennsylvania (Schmidt,
1974; Ahlbrandt, 1995) which clearly can develop carbonate dissolution forms. Also excluded are shafts that
develop in limestone beneath very thin sandstone caps
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(i.e. along Cumberland Plateau of Tennessee, Alabama,
Georgia). To finish, some conclusions on the importance of such features are explored.

Development of “karst” features in
sandstones

Although quartz (SiO2) is generally considered to be a
rather resistant geologic material with regard to weathering, it has been recognized for over 50 years that in
certain cases it can dissolve to produce “karst like” landforms (White, et al., 1966). However, for many years it
was thought that tropical conditions (high temperatures,
copious rainfall) were needed. More recent work has
shown that these can form in areas having neither of
these extremes, and that quite extensive cave systems
can develop (e.g. Wray, 2009; Wray and Sauro, 2017).
Because of its relatively low solubility, quartz requires
about 50 times more water than it would to dissolve an
equivalent molar quantity of calcite. The temperature effect is actually quite small, and only becomes important
at very high values. Therefore, dissolution of quartz
does not require, nor necessarily indicate, present or former tropical temperatures. What is critical is that water flux be high at some point in the history of the area,
or that the terrain be an old one that has significant flux
when integrated across the time frame of its existence.
Sinkholes developed in sandstone occur through a variety of processes and may therefore be classified in a
number of ways. A thorough review of dissolution-related origins is given in Wray and Sauro, 2017. In addition
to the factors mentioned above, it appears that a positive
feedback relation between mechanical and chemical processes is a major contributor to the development of such
features. Some representative cases are examined below.

Examples of sandstone sinkholes

The following sections provide a sampling of features
based on the authors own observations as well as from
the literature.

In Carboniferous sandstone/
conglomerate, Ohio, USA

In the glaciated region of northeast Ohio numerous small
sinkholes occur in sandstones and conglomerates, with a
variety of morphologies. The area is at an elevation of
~180 to 300 m, receives 97 cm of rain per year, and has
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average low and high temperatures of -6 and 28-degrees
C in January and July, respectively. The bedrock is very
slightly dipping, and the area is within the Quaternary
glacial boundary.
The sinkholes are primarily associated with the margins
of low residual topographic knobs (“ledges”). The most
commonly found sinkhole type is cover subsidence,
where thin overlying regolith (usually till) has sagged
into escarpment-parallel widened fractures. The best
examples of those are found in Liberty Metro Park and
at Whipps Ledges (Cleveland Metro Parks). Occasionally, isolated non-linear cover subsidence features are
found, as in the Kniss Preserve area of Summit County.
Here, an isolated suffosion sinkhole is developed over a
sandstone fissure. This type of feature develops where
unconsolidated material lies over a void, and the material is then carried by gravity or water down into the void
area. In the case of quartzose sandstone the underlying
void can be more likely of mechanical origin, for example a joint that has been opened by gravitational sliding,
rather than by dissolution because sandstone is poorly
soluble. This might be the case here, but the morphology
of the fissure, as shown by the undulating walls seen using borehole video camera, suggest that the fracture has
also been modified by dissolution. Work by Fyodorova
(1998) has verified that this process does take place in
some settings of Ohio.
What appear to be bedrock subsidence/collapse sinkholes are also present in northeast Ohio. The most dramatic of these is an entrance to Little Mountain Caverns
(Figure 1). Here, a volume of rock circa 67 cubic meters
has been removed along fractures, while the surrounding
rock remains intact, leaving an 8 m deep sinkhole. A
detailed study (Novello and Sasowsky, 2019) employed
morphological mapping, as well as lithological and geometric analyses to understand the genesis of the voids.
Mechanical as well as chemical processes are in play
here. It was concluded that initial mechanical fractures
and block separation played a role, but that subsequent
spalling, arenization, and transport of grains by water
drove the continuing enlargement.

In Precambrian sandstone, Minnesota,
USA

Minnesota has many carbonate sinkholes, which have
been the subject of extensive study by the second au-

thor, his students, and collaborators (Alexander and Tipping, 2002; Gao and Alexander, 2008; many others).
Less well known is the presence of extensive sandstone
karst. The area is at an elevation of ~275 to 335 m, receives 788 cm of rain per year, and has average low and
high temperatures of -14 and 28-degrees C in January
and July, respectively. The bedrock is Hinckley Sandstone, a Mesoproterozoic age quartz arenite (Tryhorn
and Ojakangas, 1972) as much as 500 m thick (Mooney,
et al., 1970). It is slightly dipping, faulted, and the area
is within the Quaternary glacial boundary. There is no
indication of carbonate cements or grains in the unit.
A detailed study of the formation in Pine County identified 262 sinkholes and 25 swallets (Shade, 2002, Table
1). The topography is moderately rolling uplands containing wetlands in many places. Streams have incised
through these units, in places creating minor bedrock
gorges such as “Hells Gate” in Banning State Park. The
sinkholes are generally small and subtle, with the influence of thick overlying glacial materials (Figure 2).
There is an underlying structural influence which manifests as linear sequences of sinkholes (Shade, 2002).

Quickflow, between 9 and 128 m/day) in the units connected to the sinkholes has resulted in environmental
concerns (Alexander at al., 2005).

Massive collapse, “Devils Kitchen”, Arizona, USA

The Permian age Schnebly Hill Formation develops a
scenic “red rock” landscape along the Mogollon Rim of

Figure 2. Subsurface profile of sinkhole D144,
Pine County, MN, from Shade et al., 2015.

Figure 1. Views of the largest sandstone sinkhole in Ohio, an entrance to Little Mountain
Caverns, Ohio. a) From the top, looking South, b) Interior, looking North. Photos by IS.
16TH SINKHOLE CONFERENCE

NCKRI SYMPOSIUM 8

309

north central Arizona. The area draws visitors from afar
who bike and hike through the desert around the town
of Sedona. This region lies on the eroded boundary between the Colorado Plateau to the north, and the Basin
and Range province to the south. The area is at an elevation of ~1200 to 1500 m, receives 58 cm of rain per year,

and has average low and high temperatures of 0- and
38-degrees C in January and July, respectively.
The area is not known for caves or karst development,
but does host several massive sinkholes, one called
“Devils Kitchen” (Figure 3). This feature lies on the

Figure 3. Views of Devil’s Kitchen, Arizona. a) Panoramic photograph from East side looking
Southwest to Northwest, b) Photograph from mountainside above, looking South, c) Interpretive
diagram (Lindberg, 2010). Photos by IS.
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side of a mountain, and is ~30 m by 60 m, and ~20 m
deep. Details about this feature are drawn primarily from
the work of Lindberg (2010). The sinkhole as exposed
at the surface is clearly a collapse feature; there is no
evidence of the role of water, or dissolution. The walls
are primarily overhanging and angular, and angular rock
debris lies on the bottom. Lindberg interprets the feature
to be the near surface expression of a breccia filled shaft
which extends downward into the underlying Redwall
Limestone, some 60 m below (Figure 3c). This has not
yet been verified by geophysical or drilling methods. In
this scenario, the feature seems to be a case of sandstone
“cover collapse” into a true (carbonate) karst void. Lindberg (2010) reports ongoing collapses, as well as a large
one documented in the 1800’s.

In orthoquartzite, Venezuela

Beyond a doubt the most tremendous of sinkholes
known in sandstone are found on the tepuis (isolated table mountains) of South America (Aubrecht et al., 2008,

2012). These dramatic plateaus are host to exotic and
rare ecosystems, as well as fantastic features such as Angel Falls (world’s highest waterfall, at just under 1000
m. The tepuis were initially examined for their karst potential in the 1960s (White et al., 1966), and these early
researchers found evidence for dissolution, but not much
in the way of karst features. In recent years many teams
of explorers have been visiting these areas in search of
caves. Local relief is extreme, for example at Sarisariñama with the Gran Sabana lying at about 300 m and
the plateau summit around 2,350 m. Site specific meteorological information is unavailable, but the tepui in
general receive 200 to 400 cm of rain per year, with only
a slight dry season (Huber, 1995). Average low and high
temperatures are 8° and 20° C (Huber, 1995).
Piccini and Mecchia (2009) note that the largest sinkholes are on the edges of the plateaus. They invoked
stress-release fracturing and/or high hydraulic gradients
as the cause for this geography. Some of the features
seem to be typical shaft/swallet configurations, while the

Figure 4. Aerial view of Sima Menore on Sarisariñama Tepui (foreground), about 150 m
diameter. Image copyright Robbie Shone, used with permission.
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largest appear to be collapses into underlying caves passages/rooms (Figure 4). Sauro et al. (2019) examined the
major 7 sinkholes on Sarisariñama Tepui. This group
had diameters ranging from 45 to 330 m, depths of 60
to 315 m, and volumes of 0.16 to 18. x 106 m3 (Fig-

ure 5). Some of the sinkholes had explorable caves at
the bottoms, while others did not. The researchers concluded that all of the large sinkholes were gravitational
collapses related to dissolution of underlying siliciclastic
bedrock.

Figure 5. Maps and cross sections of 7 major sinkholes on Sarisariñama Tepui; with permission of
the authors and publisher (Sauro et al., 2019).
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Discussion and conclusions

Sinkhole development in siliciclastic sandstones occurs
in a wide variety of environments, and over a wide range
of scales. The features are commonly proximal to areas
of relatively sharp relief, such as cliff edges. It is likely
that this association occurs because these areas provide
the potential for high hydraulic gradients, enlarged aperture mechanical permeability development, and the
connected flow routes needed to remove material via
particle transport and dissolution. In some cases, initial permeability for water flux and material removal is
created mechanically (fracturing). But, the work of Fyodorova (1998), Piccini and Mecchia (2009), Sauro et al.
(2019), and others shows it can be enhanced by dissolution, even in the absence of carbonate cements. In other
cases, the creation of voids may be purely mechanical.
With respect to the relatively low solubility of quartz, it
appears that this limitation on dissolution processes can
be overcome by either allowing long time periods, or by
providing copious amounts of water. In the examples
given above one or both of these conditions are met. In
the Ohio and Minnesota cases the high water flux was
likely provided by glacial melting.
In addition to a breadth of sizes and mechanisms, sinkholes found in siliciclastic sandstones occur in many
different present climates, ranging from tropical highrainfall situations to deserts. Taken together, this emphasizes the need to consider full geologic history and the
possibility of “karst” related concerns in sandstone bedrock settings. This includes factors such as groundwater
flow paths, which have been demonstrated in some areas
to exhibit quick-flow in sandstone, and highly variable
chemistry within close geography (e.g. Foos, 2003).
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